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In the yeast Saccharomyces cerevisiae inactivation of trehalose-6-phosphate (Tre6P) synthase (Tps1) encoded by the TPS1 gene causes a
specific growth defect in the presence of glucose in the medium. The growth inhibition is associated with deregulation of the initial part of
glycolysis. Sugar phosphates, especially fructose-1,6-bisphosphate (Fru1,6bisP), hyperaccumulate while the levels of ATP, Pi and downstream
metabolites are rapidly depleted. This was suggested to be due to the absence of Tre6P inhibition on hexokinase. Here we show that
overexpression of Tre6P (as well as glucose-6-phosphate (Glu6P))-insensitive hexokinase from Schizosaccharomyces pombe in a wild-type
strain does not affect growth on glucose but still transiently enhances initial sugar phosphate accumulation. We have in addition replaced the
three endogenous glucose kinases of S. cerevisiae by the Tre6P-insensitive hexokinase from S. pombe. High hexokinase activity was measured
in cell extracts and growth on glucose was somewhat reduced compared to an S. cerevisiae wild-type strain but expression of the Tre6P-
insensitive S. pombe hexokinase never caused the typical tps1D phenotype. Moreover, deletion of TPS1 in this strain expressing only the
Tre6P-insensitive S. pombe hexokinase still resulted in a severe drop in growth capacity on glucose as well as sensitivity to millimolar glucose
levels in the presence of excess galactose. In this case, poor growth on glucose was associated with reduced rather than enhanced glucose influx
into glycolysis. Initial glucose transport was not affected. Apparently, deletion of TPS1 causes reduced activity of the S. pombe hexokinase in
vivo. Our results show that Tre6P inhibition of hexokinase is not the major mechanism by which Tps1 controls the influx of glucose into
glycolysis or the capacity to grow on glucose. In addition, they show that a Tre6P-insensitive hexokinase can still be controlled by Tps1 in vivo.D 2003 Elsevier B.V. All rights reserved.Keywords: Hexokinase; Glycolysis; TPS1 gene; Trehalose-6-phosphate synthase; Fermentation
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In the yeast Saccharomyces cerevisiae trehalose is syn-
thesized by two consecutive enzymatic reactions catalyzed by
trehalose-6-phosphate (Tre6P) synthase and Tre6P phospha-
tase. The two proteins are encoded by the genes TPS1 and
TPS2, respectively [1,2]. Mutations in the TPS1 gene cause a
defect in trehalose and Tre6P synthesis but also a specific
growth defect on glucose and related rapidly fermented
sugars like sucrose and fructose. Growth on galactose or on
nonfermentable carbon sources like glycerol or ethanol is
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sugars, to tps1 mutant cells growing on nonfermentable
carbon sources results in hyperaccumulation of the sugar
phosphate intermediates in the first part of glycolysis and
rapid depletion of ATP and phosphate. This strong deregula-
tion of glycolysis is presumed to be the cause of the glucose
growth defect [3–7].
The hyperaccumulation of sugar phosphates in the tps1
mutant after addition of glucose is consistent with overactive
hexokinase activity. Deletion of the HXK2 gene, which en-
codes the most active hexokinase isoenzyme, restores the
ability of the tps1mutant to grow on glucose, and hence sup-
ports this conclusion [8]. In cell extracts there is no significant
difference in hexokinase activity or in the activity of any other
glycolytic enzyme between wild-type cells and cells of tps1
mutants [6]. Hence, the Tps1 control of hexokinase (or pos-
sibly other glycolytic enzymes) appears to be executed at the
posttranslational level. Tre6P was found to be a potent inhi-
bitor of S. cerevisiae hexokinases 1 and 2 (but not of gluco-
kinase) in vitro, which suggests a model in which hexokinase
activity is constrained through feedback inhibition by Tre6P
in a similar way as mammalian glucokinase is feedback-
controlled by glucose-6-phosphate (Glu6P) [9]. This model
also suggested an answer to the long-standing question why
yeast hexokinase is not inhibited by Glu6P [10]. Several
additional results have been obtained which are consistent
with this model such as the suppression of the tps1 growth
defect on glucose by diversion of the accumulated glycolytic
intermediates into glycerol production [11–13]. This causes
dephosphorylation of the accumulated sugar phosphates and
hence liberates the necessary free phosphate for use as a
substrate by glyceraldehyde-3-P-dehydrogenase. Therefore,
it appears that in tps1 mutants the rate of sugar phosphory-
lation is in excess of the rate in the rest of glycolysis.
Deletion of the TPS2 gene, encoding Tre6P phosphatase,
in an S. cerevisiaemutant with a reduced level of Tps1 protein
improves growth on glucose [14]. This is consistent with the
Tre6P inhibitionmodel. However, in this strain proper control
of glucose influx into glycolysis was not restored up to 5
h after addition of glucose in spite of the fact that it recovered
growth on glucose. Similarly, strong overexpression of S.
cerevisiae hexokinase in a wild-type strain does not cause any
growth defect on glucose although it is associated with a
transient deregulation of glycolysis just after addition of
glucose [15]. In permeabilised yeast cells in which ethanol
production from glucose is reconstituted, the tps1D pheno-
type is still observed to a significant extent [16]. These
observations raised doubts on the true relevance of Tre6P
inhibition of hexokinase for control of glycolysis and growth
on glucose.
1.2. The Tps1 protein versus Tre6P for control of
hexokinase
We have previously expressed heterologous genes of
trehalose metabolism in yeast in order to assess the rele-vance of Tre6P inhibition of hexokinase in vivo and to
explore a possible role of the Tps1 protein itself in control of
glycolysis. Expression of Bacillus subtilis phosphotrehalase,
which hydrolyses Tre6P into Glu6P and glucose, in an S.
cerevisiae tps2D mutant strongly reduces Tre6P levels but
has only a very limited effect on sugar phosphate formation
in glycolysis and does not affect growth on glucose. The
same is true for overexpression of S. cerevisiae Tps2 in a
wild-type S. cerevisiae strain [17]. Likewise, expression of
E. coli OtsA [18], Selaginella lepidophylla or Arabidopsis
thaliana TPS1 [19] in an S. cerevisiae tps1D mutant restored
Tre6P levels but was unable to fully restore growth on
glucose and proper control of glucose influx into glycolysis.
When these genes were expressed in a tps1D tps2D strain,
growth on glucose was restored even better but the initial
hyperaccumulation of sugar phosphates and depletion of
ATP and phosphate were not different from that observed in
the tps1D mutant. These results suggest that the Tps1
protein of yeast has a specific regulatory function for
controlling glucose influx into glycolysis. The Tps1 homo-
logues from other organisms that restore to some extent
growth on glucose apparently do so through some unknown
mechanism. One possibility for additional Tps1-based con-
trol in glycolysis is the stimulation of another enzyme in
glycolysis downstream of hexose phosphorylation.
1.3. Tre6P synthase in other fungi and in plants
Although tps1 mutants in Kluyveromyces lactis show the
same phenotype as in S. cerevisiae [20], in other fungi
different results have been obtained. Hexokinase from Schiz-
osaccharomyces pombe is not inhibited by Tre6P and the
tps1D strain does not show a growth defect on glucose [21].
In Aspergillus niger deletion of one or both of the Tre6P
synthase genes does not cause a growth defect on glucose
although A. niger hexokinase is inhibited by Tre6P [22,23].
The mode of action of Tps1 and/or Tre6P has recently
gained in importance with the discovery of trehalose metab-
olism in higher plants. In addition to the TPS1 gene from the
trehalose accumulating desert resurrection plant, S. lepido-
phylla [19], TPS1 has also been cloned from A. thaliana [24],
a plant that makes only very low amounts of trehalose.
Genome sequence analysis has revealed the presence of 11
TPS genes in A. thaliana and various TPS orthologues in
many other plants [25–28]. Because most higher plants
synthesize trehalose only in very low quantities as opposed
to bacteria and fungi, the sugar is unlikely to play a role as
storage carbohydrate or stress-protectant. Investigation of
plants transformed with TPS genes from bacteria or yeast has
indicated a possible role for plant trehalose metabolism in the
control of carbon metabolism, in particular source-sink sugar
allocation and photosynthetic activity [29–31]. Plant treha-
lose metabolism has also been connected to glucose sensing
[26,32] and recently it has been demonstrated that TPS1 is
essential for embryo maturation in A. thaliana [33]. Since
hexokinase was shown to act as a mediator of glucose
Table 1
S. cerevisiae strains used in this study
Yeast strains isogenic
to W303-1A
Main genotype Reference
YSH 290 tps1D::TRP1 [8]
YSH 757 glk1D::LEU2
hxk1D::HIS3
hxk2D::LEU2
Provided by
Stefan Hohmann
YSH 764 tps1D::TRP1
glk1D::LEU2
hxk1D::HIS3
hxk2D::LEU2
Provided by
Stefan Hohmann
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plant trehalose metabolism and hexokinase activity in a way
similar or related to that in yeast. A. thaliana hexokinase 1,
however, is not sensitive to Tre6P in vitro [33]. Interestingly,
when the plant TPS1 homologues are expressed in a yeast
tps1D mutant, they display only very low enzymatic activity,
but their activity can be enhanced to similar levels as found
in yeast or E. coli by N-terminal truncation or specific
mutations in the N terminus [34].
In this work we have replaced S. cerevisiae hexokinases
1 and 2 (Hxk1 and Hxk2) as well as glucokinase (Glk1) by
the Tre6P-insensitive Hxk2 from S. pombe and we also
overexpressed S. pombe Hxk2 in a wild-type S. cerevisiae
strain. Expression of S. pombe Hxk2 never causes the
typical phenotype of a tps1D mutant. Moreover, deletion
of Tps1 in the strain expressing only S. pombe Hxk2 still
caused a dramatic drop in the capacity to grow on glucose.
Apparently, S. cerevisiae glycolysis using the Tre6P-insen-
sitive S. pombe hexokinase is still controlled by Tps1.2. Materials and methods
2.1. Strains and plasmids
All the strains used in this work were derived from
strain W303-1A (leu2-3/112 ura3-1 trp1-1 his3-11/15Table 2
Hexokinase specific activities (mU/mg prot)
Glucose-containing growth medium Fruc
Substrate in assay Glucose Fructose Gluc
Strains
WT 626 (F 28) 704 (F 29) 582
WT+ S. pombe HXK2 1010 (F 33) 1240 (F 46) 832
glk1D hxk1D hxk2D – –
glk1D hxk1D hxk2D+
S. pombe HXK2
580 (F 32) 700 (F 17) 420
tps1D glk1D hxk1D hxk2D – –
tps1D glk1D hxk1D hxk2D+
S. pombe HXK2
560 (F 38) 696 (F 21) 416
Cells were grown overnight in minimal medium, harvested and enzyme activities w
assay was 10 mM, fructose concentration was 50 mM. This experiment was repe
deviations were calculated.ade2-1 can1-100 GAL SUC2) [35] and are listed in Table
1. The pFL61 expression vector [36] contains the phos-
phoglycerate kinase (PGK) promoter separated from its
terminator by a polylinker. The BstXI sites present in the
polylinker are the insertion sites for the S. pombe cDNA
pool. This cDNA library [37] was used for the comple-
mentation of the triple hexokinase deletion strain (YSH
757) of S. cerevisiae.
2.2. Culture conditions
Yeast cells were grown on minimal media [38] supple-
mented with a carbon source as indicated. For determination
of growth curves and ethanol production, the cells were
pregrown in 2% galactose to stationary phase and then
transferred to 2% glucose or 2% fructose. For glucose
sensitivity measurements, the cells were grown overnight
in minimal medium containing 2% galactose and subse-
quently inoculated in 100 ml of fresh medium containing
2% galactose at OD600 nm of about 0.1. After 2 h of
incubation at 30 jC, glucose was added in the indicated
concentration. The cells to be used for glucose consumption
measurements were pregrown overnight in minimal medium
with 2% galactose, washed twice with fresh medium and
inoculated at the same cell density (0.012 mg/ml) without
carbon source. After 30 min, 2% glucose was added. For
metabolite determinations, cells were pregrown in minimal
medium supplemented with 3% glycerol and 0.1% galac-
tose, harvested during late exponential phase and resus-
pended in fresh medium. Glucose was then added to a final
concentration of 100 mM.
2.3. Biochemical determinations
Glycolytic metabolites were extracted and determined
essentially as described by de Koning and Van Dam [39].
Tre6P was determined in the same extracts by the phospho-
trehalase method [17]. Trehalose was determined using
Humicola trehalase as described by Neves et al. [40].
Glucose was estimated with the glucose oxidase-peroxidasetose-containing growth medium Galactose-containing growth medium
ose Fructose Glucose Fructose
(F 22) 646 (F 47) 347 (F 7) 470 (F 27)
(F 38) 1155 (F 52) 752 (F 26) 929 (F 19)
– – 5.8 (F 1,6) 3.3 (F 1,2)
(F 60) 555 (F 37) 388 (F 30) 535 (F 41)
– – 4.4 (F 1,2) 3.8 (F 2)
(F 72) 530 (F 40) 378 (F 32) 517 (F 44)
ere determined in cleared extracts. Glucose concentration in the hexokinase
ated four times with consistent results. For the single data points, standard
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medium was determined enzymatically with a commercial
kit (Boehringer Mannheim). Hexokinase activity was mea-
sured spectrophotometrically in crude extracts according to
Maitra and Lobo [41]. Protein was quantified with the biuret
method [42].
2.4. Glucose uptake assay
Transport of D-[U 14-C] glucose (Amersham) was mea-
sured in a 5-s glucose uptake assay as described by Reifen-
berger et al. [43].
2.5. Reproducibility of the results
All experiments were repeated three to five times as
indicated in the figure legends. Consistent results were
obtained and a representative result is shown. For the single
data points in Table 2, standard deviations were calculated.
Because the time course measurements in the figures are
collections of interdependent data points rather than inde-
pendent data points, classical statistical treatment as used for
repetitions of single independent data points is not appro-
priate. Hence, representative results are shown.Fig. 1. Growth (top) and ethanol production (bottom) in liquid medium. The
WT (W303-1A) (o), WT+ S. pombe HXK2 (.), glk1D hxk1D hxk2D+ S.
pombe HXK2 (E), tps1D glk1D hxk1D hxk2D+ S. pombe HXK2 (x), and
tps1D (5) strains were pre-grown into stationary phase in minimal medium
with 2% galactose and inoculated into the same medium containing 2%
glucose. This experiment was repeated three times with consistent results.
Representative result is shown.3. Results
3.1. Expression of S. pombe Hxk2 in an S. cerevisiae strain
lacking the two endogenous hexokinases and glucokinase
The S. pombe HXK2 gene encodes a protein with a
predicted molecular weight of 50 kDa, which is comparable
to the molecular mass reported for hexokinase from S.
cerevisiae. The amino acid sequence presents high overall
similarity (38%) with the S. cerevisiae hexokinase [44]. We
have isolated the S. pombe HXK2 gene from a cDNA library
by complementation of the growth defect in glucose medi-
um of the S. cerevisiae triple glucose kinase deletion strain
(glk1D hxk1D hxk2D). The cDNA library was constructed
with the PGK promoter in a yeast/E. coli shuttle vector;
sequence analysis confirmed the identity of the gene.
The glk1D hxk1D hxk2D strain transformed with the S.
pombe HXK2 gene behind the strong PGK promoter was
used for further analysis. Growth of the strain on glucose
(Fig. 1) and fructose (not shown) medium was restored to a
large extent although the growth rate was still somewhat less
than that of the S. cerevisiae wild-type strain. On galactose
the growth rate was the same (results not shown). Hexoki-
nase activity measured with glucose or fructose as substrate
in cell extracts of the transformants grown on glucose-,
fructose- or galactose-containing medium was roughly sim-
ilar to that in the wild-type strain (Table 2). However, for
cells grown on glucose or fructose the activity was in most
cases slightly lower whereas for cells grown on galactose-
containing medium the activity was slightly higher.The S. pombe HXK2 gene was also overexpressed in the
wild-type S. cerevisiae strain. For the hexokinase activity
measured in cell extracts this resulted in an increase of about
60–80% for cells grown on glucose or fructose and 100–
120% for cells grown on galactose. In spite of the huge
increase in hexokinase activity due to the additional Tre6P-
insensitive S. pombe Hxk2, there was no serious negative
effect on the growth rate with glucose (Fig. 1) or fructose
(results not shown) of these transformants. The lag phase was
somewhat longer but the final cell density was about the same
as in the wild-type strain.
Subsequently, we have deleted the TPS1 gene in the
glk1D hxk1D hxk2D strain expressing only the Tre6P-
insensitive Hxk2 from S. pombe. Remarkably, the resulting
strain showed a dramatic reduction in growth rate on
glucose (Fig. 1) and fructose medium (not shown). The
growth rate on galactose was not affected (results not
shown). Hexokinase activity measured in cell extracts was
not significantly altered (Table 2).
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ethanol production in the same cultures (Fig. 1). Ethanol
production in all cases closely correlated with the growth
behavior capacity of the strains investigated. In the tps1D
glk1D hxk1D hxk2D strain expressing S. pombe HXK2,
ethanol production was somewhat more affected than
growth (Fig. 1).
3.2. Initial rates of glucose consumption and ethanol
production
We have also determined the initial rates of glucose
consumption and ethanol production with cells of the
different strains harvested from cultures exponentially grow-
ing on galactose (Fig. 2). The cells were resuspended for allFig. 2. Glucose consumption (top) and ethanol production (bottom) after a
shift from 2% galactose to 2% glucose. The WT (W303-1A) (o), WT+ S.
pombe HXK2 (.), glk1D hxk1D hxk2D+ S. pombe HXK2 (E), tps1D glk1D
hxk1D hxk2D+ S. pombe HXK2 (x), and tps1D (5) strains were pre-grown
overnight in minimal medium with 2% galactose and inoculated at the same
cell density into minimal medium without carbon source. After 30 min,
glucose was added to a final concentration of 100 mM and samples were
collected at different times and assayed for ethanol and glucose
concentrations. This experiment was repeated three times with consistent
results. Representative result is shown.strains at the same cell density in minimal medium and 100
mM glucose was added. As expected, the tps1D strain
consumed very little glucose and produced very little
ethanol (Fig. 2). The wild-type strain overexpressing S.
pombe HXK2 showed a rate of ethanol production and
glucose consumption similar to those in the wild-type strain.
After 4 h of incubation with glucose, more than 50% of the
glucose was consumed and about 2 mg/ml (45 mM) of
ethanol was produced by these strains (Fig. 2). The glk1D
hxk1D hxk2D + S. pombe HXK2 strain consumed about 40%
of the glucose in the same period and produced about 1 mg/
ml ethanol. Deletion of TPS1 in the glk1D hxk1D hxk2D + S.
pombe HXK2 strain strongly reduced glucose consumption
and ethanol production to values close to those of the tps1D
strain (Fig. 2). These results confirm that cells of the glk1D
hxk1D hxk2D + S. pombe HXK2 strain have a significantly
lower fermentation capacity and that deletion of TPS1 in
such a strain causes a pronounced further drop in fermen-
tation capacity.
3.3. Glucose transport
We next determined whether the reduced rate of glucose
consumption in the tps1D glk1D hxk1D hxk2D + S. pombe
HXK2 strain was due to reduced glucose transport. Howev-
er, the strain had initial glucose transport kinetics which was
indistinguishable from that in the glk1D hxk1D hxk2D + S.
pombe HXK2 strain when the glucose uptake activity was
determined at glucose concentrations of 50 and 100 mM
(Fig. 3). In the wild-type cells, the glucose uptake activity
was about 30% higher (Fig. 3).
3.4. Glucose sensitivity
Addition of a low glucose concentration to cells of the
wild-type strain growing on 100 mM galactose does not
cause any inhibition of growth; on the contrary, some
growth stimulation could be observed 3 h after the addition
of glucose (Fig. 4a). On the other hand, addition of low
concentrations of glucose (1–2 mM) to cells of the tps1D
mutant growing on 100 mM galactose causes a severe
inhibition of growth (Fig. 4b). For the glk1D hxk1D
hxk2D + S. pombe HXK2 strain a slight sensitivity to 10
mM glucose was observed but there was no inhibition with
lower glucose concentrations (Fig. 4c). Deletion of the TPS1
gene in this strain caused a strong increase in glucose
sensitivity. Addition of 1 mM glucose caused a drop in
the growth rate on galactose with 50% (Fig. 4d). Although
sensitive to low glucose levels the tps1D glk1D hxk1D
hxk2D + S. pombe HXK2 strain was clearly not as sensitive
as the tps1D strain.
3.5. S. pombe Hxk2 is insensitive to both Tre6P and Glu6P
We have also investigated whether S. pombe Hxk2
expressed in S. cerevisiae is insensitive to Tre6P. In
Fig. 4. Inhibition by low glucose concentrations of growth on galactose. The c
subsequently inoculated at an OD600 nm of about 0.1 in 100 ml of the same medium
indicated concentrations, and growth was monitored by measuring OD600 nm every
pombe HXK2, (d) tps1D glk1D hxk1D hxk2D+ S. pombe HXK2. Glucose concentr
repeated three times with consistent results. Representative result is shown.
Fig. 3. Transport rates of glucose. The cells were grown overnight in
minimal galactose containing medium and harvested at OD600 nm of about
1. Glucose transport rates were determined by 5-s uptake measurements of
[14C]glucose. Results are displayed in Eadie–Hofstee plots as uptake rates
per milligram of dry mass. Strains: WT (W303-1A) (o), glk1D hxk1D
hxk2D+ S. pombe HXK2 (E), tps1D glk1D hxk1D hxk2D + S. pombe HXK2
(x). This experiment was repeated four times with consistent results.
Representative result is shown.
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Blazquez et al. [21], S. pombe Hxk2 expressed in S.
cerevisiae was insensitive to Tre6P up to a concentration
of 3 mM (results not shown). We have next determined
whether the S. pombe Hxk2 is sensitive to Glu6P, as was
reported for mammalian hexokinase [45]. This was done by
measuring the rate of glucose consumption in the reaction
mixture in the absence or presence of 10 mM Glu6P. The
results indicated that S. pombe Hxk2 is also insensitive to
Glu6P (not shown).
3.6. Levels of glycolytic metabolites
To evaluate the activity of S. pombe Hxk2 in vivo, we
have determined the levels of the initial glycolytic metab-
olites after addition of glucose to cells pregrown on
glycerol (Fig. 5). Metabolite levels were followed over a
time period of 5 min and 2 h after addition of glucose to
cells pregrown on glycerol. As was reported previously,
the tps1D strain showed strong and permanent hyperaccu-
mulation of Glu6P and Fru1,6bisP and depletion of ATP.
In the wild-type strain there was a transient overshoot in
the Glu6P and Fru1,6bisP levels and a concomitant tran-
sient drop in the ATP level (Fig. 5). The wild-type strainells were grown overnight in minimal galactose containing medium, and
containing 2% galactose. After 2 h of incubation glucose was added in the
30 min. Strains: (a) WT (W303-1A), (b) tps1D, (c) glk1D hxk1D hxk2D+ S.
ations: 0 mM (.), 1 mM (n), 2 mM (E), 10 mM (x). This experiment was
Fig. 5. Levels of glycolytic intermediates, ATP and Tre6P. Levels of glycolytic intermediates and ATP were determined for 5 min (left) and for 2 h (right) after
addition of 100 mM glucose to derepressed cells. Tre6P concentrations were measured for 10 min after addition of glucose at time zero. Strains: WT (W303-
1A) (o), WT+ S. pombe HXK2 (.), glk1D hxk1D hxk2D + S. pombe HXK2 (E), tps1D glk1D hxk1D hxk2D+ S. pombe HXK2 (x), tps1D (5). This experiment
was repeated five times (5-min determinations) or three times (2-h determinations) with consistent results. Representative result is shown.
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overshoot in the sugar phosphate levels and a slower
recovery in the ATP level. Over a period of 2 h, the
Fru1,6bisP level finally recovered to wild-type levels butthe Glu6P level stayed high (Fig. 5). Clearly, this strain
displayed a glycolytic metabolite pattern which most
resembled that of the tps1D strain in spite of the fact that
this strain did not show any growth defect on glucose. The
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HXK2 strain was very similar to that in the wild-type strain
(Fig. 5). Deletion of the TPS1 gene in the glk1D hxk1D
hxk2D + S. pombe HXK2 strain did not result in any
hyperaccumulation of sugar phosphates or even transient
depletion of ATP. The overshoot in the Glu6P and Fru1,6-
bisP levels was even somewhat reduced and the transient
drop in the ATP level was absent (Fig. 5). Clearly, the
pronounced drop in growth capacity on glucose in this
strain is not associated with the typical glycolytic dereg-
ulation observed in the tps1D mutant.
We have also determined the Tre6P level after addition
of glucose (Fig. 5). As previously observed [14], addition
of glucose causes a transient increase in Tre6P in the
wild-type strain. Interestingly, in the wild-type strain
expressing S. pombe Hxk2 the increase in Tre6P was
higher, as observed for the Glu6P and Fru1,6bisP levels.
Apparently, higher Glu6P levels lead to higher activity of
the Tps1 enzyme resulting in higher Tre6P levels. In the
glk1D hxk1D hxk2D + S. pombe HXK2 strain the increase
in Tre6P was somewhat slower than in the wild-type
strain and as expected both the tps1D strain and the tps1D
glk1D hxk1D hxk2D + S. pombe HXK2 strain lacked
Tre6P (Fig. 5). Two hours after addition of glucose, the
elevated Tre6P levels had dropped back to the initial level
(results not shown).
The levels of glycolytic metabolites were also deter-
mined for fructose addition with similar results (not shown)
and also for all strains and for the same time periods in cells
suspended in buffer rather than in culture medium with very
similar results (not shown). The concentration of glycolytic
metabolites and Tre6P was also measured during growth on
glucose (except for the tps1D strain which cannot grow on
glucose). Samples were collected in mid-exponential and
late exponential phase. In all cases the levels of metabolites
and Tre6P were similar to those in the wild-type strain
(results not shown).4. Discussion
4.1. Expression of Tre6P-insensitive S. pombe Hxk2 in S.
cerevisiae
The main goal of this work was to investigate whether
the expression of S. pombe Tre6P-insensitive Hxk2 in S.
cerevisiae would cause the same phenotype of inability to
grow on glucose and deregulation of glycolysis as observed
in the tps1D strain. The answer to this question is clearly
negative. Neither the additional expression of S. pombe
Tre6P-insensitive Hxk2 in a wild-type strain nor the
replacement of the three S. cerevisiae glucose phosphory-
lating enzymes by the S. pombe Hxk2 causes the typical
tps1D phenotype. The wild-type strain expressing the S.
pombe Hxk2 displayed the deregulation of glycolysis
transiently just after addition of glucose. However, thisstrain showed normal growth on glucose and its metabolite
levels during growth on glucose were also normal. This is
similar to what was observed previously for the wild-type
S. cerevisiae strain overexpressing the S. cerevisiae HXK2
gene [15]. Also for this strain a transient deregulation of
glycolysis was observed without any growth defect. These
results support the idea that Tre6P inhibition of hexokinase
is important to control the accumulation of sugar phos-
phates during the start-up of fermentation. Afterwards,
during growth on glucose, other controls apparently take
over this function. Previous results with the byp1 tps2D
strain [14] and with a tps1D strain expressing E. coli OtsA
[18] have also shown that growth on glucose can be fully
restored without proper restoration of the control on
glucose influx. All these data therefore indicate that initial
deregulation of glycolysis after addition of glucose does
not necessarily lead to a growth defect on glucose. Appar-
ently, yeast cells possess strong homeostatic control mech-
anisms which can handle large fluctuations and imbalances
in the levels of glycolytic intermediates. The tps1D mutant,
on the other hand, seems to be deficient in such a control
mechanism so that it gets permanently stuck with an
imbalanced glycolysis. In conclusion, our results clearly
show that Tre6P inhibition of hexokinase is not the major
mechanism by which the Tps1 gene product controls the
influx of glucose into glycolysis or the capacity to grow on
glucose. In retrospect, the findings that the growth defect
on glucose of the tps1D mutant is suppressed by deletion of
Hxk2, the most active isoenzyme, [8] and that hexokinase
is inhibited by Tre6P in vitro [9] have led to the logical
model that Tps1 controls glycolysis by constraining hexo-
kinase activity through Tre6P inhibition. However, these
results are only consistent with such a model without
forming a direct proof.
4.2. TPS1 deletion in a strain expressing Tre6P-insensitive
Hxk2
The second major, rather unexpected, finding from this
study is that deletion of the TPS1 gene in the glk1D hxk1D
hxk2D expressing Tre6P-insensitive S. pombe Hxk2 still
resulted in a strong reduction in the capacity to grow on
glucose. If this is due to an effect on hexokinase activity, it
indicates that Tre6P insensitivity of hexokinase in vitro
does not preclude control of its activity in vivo by Tps1.
Since deletion of TPS1 in the glk1D hxk1D hxk2D + S.
pombe HXK2 strain did not affect growth on galactose and
since it did not reduce glucose transport activity, it most
likely reduces the growth rate on glucose by interfering
with S. pombe Hxk2 activity in vivo. However, it can, in
principle, not be excluded that it affects another (unknown)
cellular component required for growth on glucose and
which does not act on the glucose phosphorylation step.
Recent work in our laboratory has indicated that in a glk1D
hxk1D hxk2D strain expressing A. thaliana hexokinase,
deletion of TPS1 does not cause a drop in the capacity to
B.M. Bonini et al. / Biochimica et Biophysica Acta 1606 (2003) 83–93 91grow on glucose (unpublished results). This might support
the conclusion that deletion of TPS1 in the glk1D hxk1D
hxk2D + S. pombe HXK2 strain indeed affects S. pombe
hexokinase activity in vivo rather than another component,
although it cannot be excluded that it is more than one
action point of Tps1. Also our results in Fig. 5 do not
reveal a pronounced drop in glucose phosphorylation
caused by tps1D in the glk1D hxk1D hxk2D + S. pombe
HXK2 strain. The control of S. pombe Hxk2 activity by
Tps1 could be through direct interaction with the Tps1
protein or through an indirect effect. In the latter case, it is
still possible that Tre6P rather than the Tps1 protein itself
affects another component in the cell that controls hexo-
kinase activity. Evidence for additional Tps1-dependent
controls on hexokinase activity besides direct Tre6P inhi-
bition was also obtained with permeabilised yeast cells in
which ethanol production from glucose had been recon-
stituted [16].
The precise phenotype of the tps1D glk1D hxk1D
hxk2D + S. pombe HXK2 strain on a glucose medium is
not the same as that of a tps1D strain. Although growth on
glucose and ethanol production from glucose are strongly
reduced they are not absent as in the tps1D strain.
Moreover, the reduced growth and fermentation rates do
not appear to be due to overactive hexokinase activity. The
sugar phosphate accumulation pattern and ATP level were
more consistent with reduced rather than enhanced hexo-
kinase activity in vivo, although the effect was rather
small. This indicates that Tps1 controls S. pombe Hxk2
activity in vivo in a different way than through direct
Tre6P inhibition or that Tps1 has a major effect elsewhere
in metabolism. A different control of S. pombe Hxk2 by
Tps1 would be consistent with the different phenotype of
an S. pombe tps1D mutant compared to an S. cerevisiae
tps1D mutant. The former can grow on glucose as opposed
to the latter although spore germination on glucose is
deficient [21].
4.3. Tps1 control in other fungi and in plants
Our findings have consequences for the elucidation of
controls exerted by trehalose metabolism in other organ-
isms. In other fungi and especially in plants, phenotypes of
tps1 mutants and TPS1 overexpression strains have been
reported which are clearly more complex than simple
absence of trehalose accumulation. The fungal glucoki-
nases investigated are insensitive to Tre6P but also the
fungal hexokinases behave differently with respect to
Tre6P inhibition in vitro [9,46–48]. In plants trehalose
metabolism appears to exert an important control on
source-sink sugar allocation, photosynthetic productivity,
morphogenesis and other properties [25–27,32]. The pre-
cise mechanism of this control is not understood. Absence
of Tre6P inhibition of A. thaliana hexokinase has been
taken as evidence for a different action mechanism com-
pared to S. cerevisiae [33]. However, the present resultsindicate that absence of Tre6P inhibition of hexokinase in
vitro does not rule out Tps1 control of hexokinase in vivo.
A role for A. thaliana hexokinase in plant sugar sensing
has been demonstrated [49–52] but at present there is no
direct evidence linking plant trehalose metabolism to con-
trol of hexokinase activity.Acknowledgements
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